Background: During bacteriophage T4 DNA replication, the 44/62 and 45 accessory proteins combine with the DNA polymerase to form a processive holoenzyme complex. Formation of this complex is dependent upon ATP hydrolysis by the 44/62 protein. It is uncertain, however, whether the 44/62 protein remains with the 45 protein as part of this protein 'sliding clamp' during DNA synthesis, or whether it is required only for complex assembly. Results: To address this issue, we have stoichiometrically assembled a processive T4 DNA polymerase holoenzyme complex, capable of strand-displacement synthesis, on a forked primer/template. By titrating the 44/62 protein to substoichiometric concentrations, we have shown that it can act catalytically to load on to the primer/template the 45 protein, which, in turn, combines with the DNA polymerase to form a processive complex. Two distinct complex species are formed: most of the complexes are highly stable, with a half life of 7 minutes, whereas the remainder have a half-life of 0.4 minutes. Precipitation of the protein-DNA complexes, followed by western blot analysis, verified that the complexes contain the DNA polymerase and 45 proteins, but not the 44/62 protein.
Background
Processive DNA replication by the bacteriophage T4 can be reconstituted in vitro on a primed single-stranded DNA substrate by five proteins: the T4 DNA polymerase (43 protein), the 44/62 protein complex, the 45 protein, and the single-stranded binding protein (32 protein) [1] . A protein 'sliding clamp', formed by the 44/62 and 45 proteins, plays an important role in the assembly of a processive polymerase complex under physiological conditions. The 44/62 protein exists as a 4:1 complex of the 44 and 62 proteins, respectively, and displays DNA-dependent ATPase activity [2] [3] [4] . The 45 protein enhances the ATPase activity of the 44/62 protein, and is believed to help direct the polymerase to the primer/ template junction [3, 4] . Together, these accessory proteins allow the T4 polymerase to achieve a replication rate comparable to that required in vivo [5, 6] .
Many DNA replication systems require an accessory protein sliding clamp in order for the DNA polymerase to achieve maximum efficiency. The combined activities of the T4 44/62 and 45 proteins are functionally analogous to those of the y complex and 13 subunit in Escherichia coli chromosomal replication, and of the RF-C and proliferating cell nuclear antigen (PCNA) proteins in eukaryotic DNA replication. Common to each system is the presence of a DNA-dependent ATPase (44/62 protein, y complex, RF-C) and a protein that enhances that activity (45 protein, subunit, PCNA) [7] [8] [9] [10] . The crystal structure of the E. coli subunit revealed that this protein exists as a dimer that encircles duplex DNA [11] . ATP hydrolysis by the y complex serves to load the clamp onto the DNA, where it freely translocates in an ATPindependent manner [12] . Thus, the protein clamp in E. coli consists of the 13 protein alone. The T4 45 protein exists as a homotrimer [2] and, by extrapolation, may also adopt this circular topology [11, 13] .
The assembly of the T4 holoenzyme core complex requires ATP hydrolysis [14] [15] [16] [17] [18] , but it is uncertain whether the 44/62 protein remains a part of the elongation complex. Photocrosslinking of the T4 replication complex [17] showed that the 44/62 protein was readily crosslinked to the DNA in the accessory protein complex before ATP hydrolysis, but this interaction decreased considerably following hydrolysis and binding of the polymerase. Similarly, footprinting techniques demonstrated the assembly of an accessory protein complex (44/62 and 45) but failed to provide a signature print for the intact complex (44/62, 45 and polymerase) [19, 20] . But these data do not show whether the 44/62 protein dissociates from the complex or, through a conformational change, is no longer in contact with the DNA but still associated with the complex. Fig. 1 . Sequence of the biotinylated forked primer/template Bio34/62/36. DNA synthesis by an assembled complex on this substrate results in extension of the primer (a 34mer) to a full length 62mer, thereby displacing the annealed 36mer (the fork strand). The polymerase alone can only extend the primer through the 10 base gap to produce a 44mer. B denotes the location of the biotin derivative at the 3' end of the template strand, and the quartered circle represents the bound streptavidin tetramer. The arrow indicates the site at which the template strand was ligated from two shorter oligonucleotides.
both [22] . Others, however, have shown that periodic ATP hydrolysis is required during the elongation phase of DNA synthesis to overcome regions of secondary structure [15, 23] , and during strand-displacement synthesis [24] , suggesting that the 44/62 protein may indeed be present in the complex.
In this paper, we address the question of the 44/62 protein's potential role as a molecular matchmaker [25] ,-that is, the possibility that the 44/62 protein's role may purely be to promote, using its ATPase activity, the formation of a metastable protein-DNA complex between two separate binding pairs (the polymerase and 45 protein). We have used a short, linear DNA primer/template to assemble the T4 holoenzyme (polymerase, 44/62 and 45 proteins) stoichiometrically using rapid quench methods which, unlike a steady-state approach, allow us to monitor the actual formation of the holoenzyme. By titrating the concentrations of the accessory proteins, we provide kinetic and physical evidence that the 44/62 protein serves as a matchmaker protein during DNA synthesis, loading the 45 protein onto DNA under physiological conditions but not remaining a part of the processive elongation complex.
Results
Holoenzyme assembly on a biotinylated, forked primer/template Evidence has been accumulating on the translocation abilities of accessory proteins involved in DNA replication and transcription systems. The subunit processivity factor in the E. coli DNA polymerase III complex was shown to translocate freely off the ends of linear DNA [12] . In the case of bacteriophage T4, the 44/62 and 45 proteins serve a dual role as accessory proteins to the RNA polymerase in addition to their role in DNA replication. It has been shown that, during transcription, the 44/62 and 45 proteins bind at a distant enhancer and slide along the DNA until they encounter the RNA polymerase at the promoter region [26] . These proteins were found to exhibit a similar mobility in their role as replication factors with short, linear primer/templates [27] . In this system, streptavidin was bound to biotin moieties at the termini of the template strand, so as to sequester these proteins on the linear DNA strand. The DNA primer/template used in our studies is a modification of this original biotinylated DNA substrate, with the template lengthened to accommodate the hybridization of an additional oligonucleotide at its 5' end ( Fig. 1) . The construction of this forked DNA structure was predicted to block translocation of the accessory proteins off the 5' end of the template strand, while the presence of the biotin moiety and bound streptavidin prevents their loss off the opposite end.
The construction of the forked primer/template (Bio34/62/36) allows DNA synthesis by the polymerase alone to be distinguished from synthesis by a processive complex. Under the conditions used (pH 7.5 and physiological salt concentration), the complex is much more processive than the polymerase alone [16] . On a short primer/template, however, this differential processivity is not always easily discernible. The presence of the forked strand (a 36mer) annealed downstream of the primer on Bio34/62/36 prevents DNA synthesis by the lone polymerase past the single-stranded gap. An assembled holoenzyme, however, is capable of displacement synthesis and should produce a fully extended primer (a 62mer).
The different DNA synthesizing capabilities of the polymerase and a processive complex on the Bio34/62/36 forked primer/template are illustrated in Figure 2 . Before the experiment, Bio34/62/36 was preincubated with streptavidin to form the primer/template shown in Figure 1 . To assemble the complex, a solution of T4 replication proteins was rapidly mixed with a solution consisting of the streptavidin-coated DNA, ATP, and dCTP (the first nucleotide to be incorporated) (Fig. 2a) . DNA synthesis by any assembled complexes was initiated by introduction of the remaining dNTPs. Singlestranded DNA (at 1 mg ml-l) was included with the dNTPs to bind up any free proteins in solution. The 44/62 and 45 accessory proteins are present in stoichiometric concentrations relative to the DNA, whereas the polymerase is limiting (100 nM). Thus, the amount of complex formed reflects the polymerase concentration, as all the DNA should be loaded with accessory proteins. The reaction measuring the activity of the polymerase alone on this substrate was performed identically except for the omission of the accessory proteins.
A sequencing gel of the primer extension products produced by the polymerase alone and the complex is shown in Figure 2b . As predicted, the polymerase could only synthesize through the gap to produce a mixture of 43mer and 44mer. The complex, however, was able to displace the annealed 36mer on the template strand and extend the primer to the full length of the template, producing a mixture of 61mer and 62mer. Quantification of the primer extension products relative to the total number of primers present verified that the complex was formed in a stoichiometric amount (100 nM) relative to the amount of polymerase present in the reaction, and that the time required to fully assemble this amount of complex was about 5 seconds (Fig. 2c ). Whereas complex formation was 100 % efficient in this system, in the absence of accessory proteins only 30 % of the polymerase was productively bound at the 3' primer terminus.
Thus, the accessory proteins serve not only to increase the processivity of the polymerase but also to direct the polymerase to the primer/template junction. Inclusion of 32 protein (a single-stranded binding protein) in both reactions, at a concentration to ensure 50 % coverage of the single-stranded portion of the primer/template, did not have any effect on the activity of the complex nor did it increase the amount of productive polymerase bound to Bio34/62/36 in the absence of the 44/62 and 45 proteins (data not shown). Therefore, the inefficient binding of the polymerase to the primer/template junction is not the result of non-productive binding to the single-stranded regions of Bio34/62/36.
Determination of the complex dissociation constant
To determine the stability of the holoenzyme complex assembled on the Bio34/62/36 substrate, the replication proteins were mixed with streptavidin-coated DNA, ATP and dCTP for 5 seconds (the time required fully to assemble the complex) and incubated for varying times with single-stranded DNA trap before the dNTP chase ( Fig. 3a) . Therefore, only those complexes that remained assembled on Bio34/62/36 after the specified incubation time with trap were competent to perform strand displacement synthesis. A pre-trap control (in which singlestranded DNA was present in all reactant syringes) verified the ability of the trap to efficiently sequester any replication proteins introduced to solution during the incubation. The concentration of the single-stranded DNA trap in these experiments was chosen so that it operates passively to sequester the free proteins, and does not assist in their dissociation from the primer/template.
As can be seen from Fig. 3b , the dissociation of the complex can best be fit to a decreasing double exponential P-end-labeled before the experiment. The biotin moiety in the template strand retards its mobility through the gel, allowing for resolution between the template strand and the fully elongated primer (62mer). The faint 39mer band is due to a very small percentage of unligated template strand. (c) Quantification of the extension products for the polymerase alone (open squares, 36-44mer bands) and the complex (closed squares, 61 mer and 62mer bands).
rate constant koff of 1.7 min -1 . Although this population is significantly less stable, even its off rate is two orders of magnitude slower than that of the polymerase alone under these conditions (B.EK., data not shown).
In addition, a control reaction was performed in which an ATP-regenerating system was included in the incubation to determine whether the decay of the complex was simply a reflection of ATP depletion by the stalled complex or by accessory protein complexes trapped on the single-stranded DNA trap. As the data show, complex dissociation in the presence of this ATP-regenerating system displayed biphasic kinetics, with rates identical to those formed in its absence. Therefore, the dissociation kinetics observed reflect the inherent stability of the two complex species.
Titration of the 44/62 and 45 accessory proteins
As the holoenzyme complex can be assembled stoichiometrically on the Bio34/62/36 forked primer/template, it is possible to address the effects of substoichiometric levels of accessory protein on the amount of complex formed. Initially, the concentration of the 45 protein used in the assembly experiment was decreased from 550nM (saturating with respect to the DNA concentration) to the concentrations listed in Table 1 . In these experiments, the 44/62 protein concentration remained saturating (550 nM) and the concentration of polymerase held constant at 100 nM. The reaction components were mixed as described for the assembly experiment (Fig. 2a) , with the assembly time extended sufficiently until a plateau in the data was reached. If 45 protein is an essential component, we would expect to form only as much complex as there is 45 protein present. As can be determined from Table 1 , the amount of complex formed is actually less than the Fig. 3 . Determination of the stability (measured by the off-rate constant kff), of the assembled replication complex. (a) Schematic representation of the rapid quench experiment performed to determine the off-rate of the complex. The core complex was given 5 seconds to assemble on the Bio34/62/36 primer/template, after which the single-stranded (ss)DNA trap was introduced for varying times (0.25-30 minutes). Any remaining complex still associated with Bio34/62/36 was supplied with all four deoxynucleoside triposphates (dNTPs) to initiate strand displacement synthesis. (b) Quantification of the remaining complexes bound to Bio34/62/36 in the presence (open circles) and absence (closed circles) of an ATP-regenerating system (PK, pyruvate kinase; PEP, phosphoenol pyruvate). Data from both reactions were fit to a decreasing, double-exponential curve (only the fit in the absence of the ATP-regenerating system is shown; r=0.997).
decay, suggesting that there are two forms of the complex present. Most (70 %) of the complexes are very stable, dissociating at a rate of 0.1 min -, corresponding to a halflife of 7 minutes. However, there exists a small population (30 %) that decays much more quickly, with a dissociation concentration of 45 protein used. From this observation, we can conclude that the 45 protein is an essential component of the holoenzyme complex. The fact that we did not see quantities of complex equal to the 45 concentration most likely reflects a difference in the actual 45 protein concentration due to the presence of some minor contaminants in the 45 preparation and/or a shift in the 45 monomer-trimer equilibrium.
Reciprocal experiments were performed in which the concentration of the 44/62 protein was decreased, while the 45 protein concentration was saturating (550 nM) and the polymerase concentration held constant at 100nM. In contrast to the data obtained from the 45 protein titrations, the amount of processive complex formed was greater than the concentration of 44/62 protein present in the reaction (Table 1) . Reactions using 2, 10 and 50 nM 44/62 protein produced 52, 72 and 100nM complex, respectively. As expected, eliminating 44/62 protein from the assembly reaction resulted in no complex formation. This is to be expected if ATP hydrolysis by the 44/62 protein is required to load the 45 protein onto the DNA or to mediate the association of the 45 protein and the polymerase. Therefore, these experiments clearly provide the first quantitative evidence that the 44/62 protein can act catalytically to facilitate the formation of a processive complex consisting of the polymerase and the 45 protein clamp. The data from the 44/62 protein titrations differ from what would be theoretically expected if 44/62 is acting catalytically in that the reactions prematurely plateau before complete complex formation (100 nM) is achieved. Addition of a second aliquot of polymerase at the time the plateau is reached results in the formation of another equivalent of complex, indicating that all of the DNA has the potential to act as a substrate (data not shown) This suggests that there may be competitive formation of a nonproductive complex in the presence of limiting 44/62 protein, which sequesters the polymerase (see Discussion).
Precipitation and analysis of the assembled holoenzyme:DNA complexes
To corroborate further the kinetic evidence that the 44/62 protein is not a permanent component of the replication complex, the holoenzyme complex was assembled on the Bio34/62/36 substrate, precipitated from solution, and examined for the presence of the 44/62 protein, 45 protein and polymerase by western blot analysis. This experiment differs from the previous assembly experiments, in that soluble streptavidin was replaced with streptavidin-agarose beads, all protein concentrations were saturating (present at 10 % excess over DNA) in an effort to assemble as many complexes as possible, and bovine serum albumin (BSA) was included in all buffers to minimize non-specific binding of the replication proteins to the agarose resin. As a negative control, 34/62/36 primer/template (non-biotinylated) DNA was used in a parallel reaction. As this DNA cannot be precipitated, none of the proteins should be found associated with the resin pellet. Following assembly of Fig. 4 . Western blot analysis of the protein fractions isolated by precipitation of the assembled protein-DNA complexes using streptavidin-agarose. The nitrocellulose transfers were probed with the indicated antisera and detected by chemiluminescence. Control, non-biotinylated 34/62/36 primer/template; Bio, Bio34/62/36 primer/template; S, supernatant from the assembly reaction (unbound protein); lanes 1, 2, and 3, buffer washes to remove residual non-specifically bound protein; P, resin pellet (bound complex).
the complexes, bound complexes were separated from unbound proteins by centrifugation and the resin pellet washed to remove non-specifically bound proteins. Figure 4 shows the western blot analysis for each of the T4 proteins. Examination of the resin pellet or bound fraction (lane P) reveals the presence of polymerase and 45 protein in the Bio34/62/36 reaction, but not in the control pellets. In the case of the 44/62 protein, a faint band was seen in the pellet or bound fraction in both the Bio34/62/36 and the control reactions. Densitometric quantification of these bands indicates that the amount of protein in these bands is identical (18+0.5 nM and 16 0.5 nM in the control and biotinylated samples, respectively). As there is no net enrichment of 44/62 protein in the Bio34/62/36 sample over the control, the amount of protein in these bands is a result of non-specific interactions with the resin despite the inclusion of Under limiting 44/62 protein concentrations, the polymerase may bind incorrectly to the 45 protein to form a non-productive (but stable) complex (bottom). It is hypothesized that a second role for the 44/62 protein in complex assembly may be to facilitate productive binding of the polymerase to the 45 protein (center pathway).
BSA in the reactions. Quantification of the amount of polymerase (top band only) and 45 protein in the Bio34/62/36 pellet reveals that these proteins are present in equimolar quantities (81 + 2 nM and 80 + 2 nM, polymerase and 45 protein (trimer), respectively) indicating a 1:1 stoichiometry in the complex. The lower amount of complex formed on the DNA-streptavidin-agarose, despite saturating concentrations of all proteins, could reflect, in part, inefficient binding of the DNA to the resin, the inability of the complex proteins to access all of the primer/template in the suspension, or the natural dissociation of the complex with time (one half-life elapsed during the course of the wash sequence).
Discussion

44/62 protein is a molecular matchmaker
We have assembled a processive DNA replication holoenzyme in stoichiometric quantities on a short, forked primer/template. The processivity of the complex is demonstrated by its ability to perform strand-displacement synthesis on this DNA substrate, which is easily distinguishable from any activity by the polymerase alone. The requirements for complex assembly reflect those observed in vivo, namely, the presence of both 44/62 and 45 proteins, and ATP hydrolysis by the 44/62 protein. Because the annealed strand is relatively short, the complex can easily conduct strand displacement synthesis in the absence of 32 protein (single-stranded binding protein), which is normally required [1, 21] . In addition to the accessory protein and ATP requirements, assembly on the linear substrate requires the presence of a biotin-streptavidin protein block on the 3' end of the template strand. Previous work on short, linear templates indicated that biotin-streptavidin 'bumpers' are needed on both ends of the template strand to achieve efficient complex assembly [27] . However, the hybridization of the fork strand to the 5' end of the template proves to be a suitable replacement for the 5' streptavidin on the Bio34/62/36 primer/template.
Because we can stoichiometrically assemble the complex on Bio34/62/36, we were able to observe the effects of substoichiometric quantities of the accessory proteins on the efficiency of complex assembly. Systematic titrations with the 44/62 protein showed that 44/62 protein can play a catalytic role in complex assembly when present at concentrations less than that of the polymerase. Although the amount of complex assembled does not reach 100 % in all of the titrations, the total amount of complex that does form is greater than the amount of 44/62 present in the reaction. The absence of 44/62 protein in the reaction abolishes all complex assembly. Our requirement for 44/62 differs from that of Reddy et al. [21] , because we are not using a large molar excess of 45 protein and our primer/template termini are blocked with either a bulky streptavidin molecule or a partially annealed (fork) strand that prevents random 'threading' of the circular 45 protein onto the ends of the DNA.
Similar titrations of the 45 protein resulted in an expected decrease in processive complex formation. As the 45 protein is the functional analog of the E. coli subunit sliding clamp protein, it is expected to be an essential component of the processive complex. Western blot analyses of the precipitated protein-DNA complexes verified the presence of the 45 protein and the polymerase assembled at the primer/template junction in 1:1 stoichiometry. The 44/62 protein, however, did not precipitate with the DNA pellet. This physical evidence, together with the kinetic data, proves that the 44/62 protein is essential for complex assembly but does not remain associated with the complex. Thus, the T4 sliding clamp consists of only the 45 protein. If ATP hydrolysis is required for strand displacement synthesis [24] or to overcome secondary structure in the template [15, 23] , it is interesting to speculate whether the 44/62 protein reassociates with the elongating complex (and if so what the signal for rebinding would be) or a new complex is simply reassembled.
The catalytic activity of the 44/62 protein justifies its classification as a molecular matchmaker [251. Matchmakers are molecules that promote the formation of a stable complex between two matched components that would otherwise not occur under normal, physiological conditions. The activity of the matchmaker involves the hydrolysis of ATP to induce a conformational change in one or both of the pairs that allows their stable association. A model of the matchmaker activity of the 44/62 protein during DNA-replication-complex assembly is shown in Figure 5 . Specifically, the 44/62 protein uses the energy from ATP hydrolysis to load the 45 protein onto the DNA, most likely by inducing a conformational change in the 45 protein whereby the trimer encircles the DNA duplex like a ring. Although 44/62 protein will promote the loading of 45 protein onto DNA in the presence of ATPyS [17, 19] , addition of polymerase does not generate a productive complex in this situation. Thus, ATP hydrolysis apparently results in the stable association of the 45 protein on the DNA, followed by 44/62 protein dissociation. The 44/62 protein is then free to load more 45 sliding clamps onto other DNA substrates. The 45 protein, once associated with the DNA, binds to a polymerase molecule, creating a stable, processive complex.
The observation that the amount of complex produced during the 44/62 protein titrations was less than 100 % at low 44/62 protein concentrations (2nM and 10nM) suggests that some of the polymerase is sequestered in a nonproductive complex under these conditions (Fig. 5) . In our model, we have assumed that the 45 protein is asymmetric with respect to polymerase (43 protein) loading, although other explanations are clearly possible. If the 44/62 protein is indeed catalytic, one would expect that all of the polymerase would be driven into the complex given enough time. This was clearly not the case, as the assembly curves for these titrations reached a premature plateau (data not shown). The plateau does not reflect an equilibrium between assembly and dissociation, because the two off-rates of the complex are too slow to affect the kinetics in the 60 second time frame of the assembly experiment. So although 44/62 protein acts catalytically to load the 45 protein, it may have another role at higher concentrations that ensures productive complex formation. This is a logical hypothesis, as these proteins are expressed in nearly equivalent quantities in vivo, so the 44/62 protein will most likely never be limiting as it is in the titration experiments.
That 44/62 protein acts as a molecular matchmaker during T4 DNA replication is in agreement with the observations by Tinker et al. [28] , which showed that the 44/62 protein is not a permanent component of the T4 transcription complex. The basis for this conclusion was the absence of 44/62 protein in the void volume fraction with the rest of the protein-promoter complex during gel-filtration chromatography. The authors did find 45 protein associated with the functional transcription initiation complex. Thus, the 44/62 and 45 accessory proteins appear to have similar roles in both macromolecular complexes.
The catalytic function of 44/62 protein in the bacteriophage T4 replication system contrasts with the role of the analogous protein, RF-C, in Saccharomyces cerevisiae [29] . Analysis of the void volume fraction after gel filtration chromatography of a yeast DNA replication complex showed that RF-C was associated with the assembled protein-DNA complex. This discrepancy could reflect the lower salt conditions (50 mM NaCl) used in the eukaryotic experiment, or it is possible that RF-C must remain in the complex because of its additional involvement in the recognition of primer/template junctions [8] . In the T4 system, the 45 protein is credited with this role.
Stability of the assembled replication complex
Examination of the dissociation kinetics for the complex assembled on the Bio34/62/36 forked primer/template revealed an interesting result. Instead of displaying the expected first-order decay kinetics, the assembled complexes actually exhibited biphasic dissociation kinetics, with two distinct off-rates of 1.7 min -1 and 0.1 min -1 . This biphasic behavior suggests the existence of two distinct species of complex, differing by approximately an order of magnitude in their stability. These two species could reflect two slightly different assemblies of the complex, or two different conformers of the polymerase within the complex. The addition of the 32 protein (which is known to make physical contacts with one or more of the complex proteins) may influence the stability of one or both of these species.
An alternative explanation could relate these species to the 'clocking' mechanism first proposed by Newport [18] . This mechanism favors the existence of an ADP-Pibound form of the 44/62 protein in the holoenzyme generated by the ATP hydrolysis event during complex assembly. This 'high-energy' state, characterized by a slower dissociation rate, slowly relaxes or decays into a conformation (by loss of ADP and/or Pi) that dissociates more rapidly [30] . However, in light of the catalytic activity of the 44/62 protein described in this paper, the dissociation of the complex cannot follow this mechanism as 44/62 protein does not remain a part of the complex. Instead, the role of ATP hydrolysis by the 44/62 protein may be to create a conformational change in the 45 protein during loading, whereby the circle becomes 'closed' around the DNA . The two forms of the complex seen here may reflect a 45 protein that completely encircles the DNA (more stable form) and that slowly decays into a partially opened conformation (less stable form). Further studies are underway in our laboratory to determine the nature of these two complex species.
The larger population (70 %) of the complexes assembled on the Bio34/62/36 primer/template displayed stability three orders of magnitude greater than that observed for the polymerase alone under these conditions (pH 7.5, 150 mM KOAc; B.EK. unpublished results). The halflife of 7 minutes determined for this population is in rough agreement with the half-life of 2.5 minutes observed for the holoenzyme on a primed singlestranded M13 mp4 DNA (K. Hacker and B.M. Alberts, personal communication). In order to replicate the entire T4 genome in vivo within the time constraints of the latent period of the bacteriophage T4 life cycle, the halflife of the leading strand holoenzyme complex would need to be on the order of minutes (so as to achieve the required processivity) [1] . Clearly, the holoenzyme-DNA complex we have assembled displays the stability required for a leading-strand complex.
Conclusions
We have assembled the T4 DNA replication holoenzyme complex -consisting of polymerase, 44/62 and 45 proteins -on a linear, forked DNA substrate in stoichiometric quantities. The stability exhibited by the assembled complex is on the same order as an in vivo assembled leading-strand complex. Substoichiometric titrations of the 44/62 and 45 accessory proteins demonstrated that the 44/62 protein acts catalytically in complex assembly, and does not remain associated with the processive complex. Therefore, 45 protein alone is responsible for functioning as the protein sliding clamp. These observations are in agreement with the functions ascribed to the E. coli subunit and it is likely that they can also be extrapolated to the eukaryotic systems.
Materials and methods
Materials
Oligonucleotides were synthesized by Operon Technologies (Alameda, California) and gel purified as described by Capson et al. [31] . The 3' biotin bead used by Operon Technologies was the BioTEG derivative manufactured by Glen Research.
[y-
32 P]ATP was purchased from New England Nuclear, and all unlabelled dNTPs were obtained from Pharmacia (Ultrapure). The T4 exonuclease-deficient DNA polymerase D219A [32] used in these studies was a generous gift of Nancy Nossal (NIH) and Michelle West Frey of this laboratory. The T4 44/62 and 45 accessory proteins were purified from overproducing strains obtained from William Konigsberg (Yale University). The concentrations of 44/62 and 45 are reported in terms of 4:1 and trimer complexes, respectively, as determined by Jarvis et al. [2] . Polyclonal antisera against the 45 protein and the 44 subunit of the 44/62 protein were raised in rabbits at Spring Valley Laboratories (Sykesville, Maryland). T4 polymerase antiserum was generously provided by Nancy Nossal.
Primer/template construction
The template strands of the biotin-labeled and control primer/templates were constructed by ligation of two shorter oligonucleotides (23mer and 39mer) [27] . Duplexes were gel purified and 5'-[
32 P]-end labeled as described [31] . Prior to their use as a substrate, the duplexes were hybridized to a 5 % excess of 36mer oligonucleotide to complete construction of the forked primer/template.
Assembly of the replication complex
All rapid quench experiments were performed at 20 0 C in an assay buffer consisting of 25 mM Tris-OAc, pH 7.5, 150 mM KOAc, 10 mM Mg(OAc) 2 and 10 mM 2-mercaptoethanol. All reagent, substrate, and protein concentrations listed are final reaction concentrations.
Assembly of the T4 holoenzyme was determined by incubating 500 nM Bio34/62/36 primer/template, 550 nM streptavidin, 1 mM ATP and 10 p-M dCTP with 100 nM T4 D219A polymerase (exo-), 550 nM 45 protein and 550 nM 44/62 protein (except where noted in text) for variable times (0.25-60 seconds) in the rapid quench instrument described by Johnson [33] . DNA synthesis by any assembled complexes was initiated by addition of the remaining dNTPs (10 pIM each) and singlestranded DNA trap (1 mg ml-) via the third syringe. Reactions were quenched manually by addition of 1 N HCI after 10 seconds. The quenched samples were immediately extracted with phenol:CHC13 (1:1) and neutralized with 3 M NaOH in 1 M Trizma base. Polymerization reaction products were analyzed on 16 % sequencing gels as described [27] . Gel images were obtained and quantitated with a Molecular Dynamics Phosphorlmager.
Determination of the complex dissociation constant, koff
The stability of the assembled complex was determined by incubating the assembled complex with a single-stranded DNA trap for variable times. Specifically, a solution of 500 nM Bio34/62/36, 550 nM streptavidin, 1 mM ATP and 10 pM dCTP was preincubated with 100 nM T4 exo-polymerase, 550 nM 45 protein and 550 nM 44/62 protein for 5 seconds in the rapid quench instrument. The resulting complexes were then incubated for 0.25-30 minutes with 1 mgml -l ssDNA trap introduced via the third syringe. After the indicated time of incubation, 10 [tM dNTPs were introduced manually to initiate DNA synthesis by complexes still bound to the primer/template. After 10 seconds, the reactions were quenched and analyzed as described above. In addition, the experiment was performed in the presence of an ATP-regenerating system (7 U ml-' pyruvate kinase and 3 mM phosphoenolpyruvate) included in the original protein syringe. The order of addition of the reaction components was the same as described above. The resulting decay curves were determined to fit to a decreasing, double exponential equation by least squares analysis.
Precipitation of the complex
Protein-DNA complexes were precipitated to determine which replication proteins remain stably associated with the DNA. Bio34/62/36 or 34/62/36 (non-biotinylated control template) DNA (200 nM) in 25 mM Tris-OAc, pH 7.5, 150mM KOAc, 10 mM 2-mercaptoethanol, 0.1 mM EDTA and mg m-' acetylated BSA in a 100 tl volume was incubated with 40 lI streptavidin-agarose slurry (Sigma; 7.5 nmoles rl -of 50:50 slurry; 15-fold molar excess of streptavidin over primer/template) at room temperature for 30 minutes with gentle mixing. The slurry was centrifuged for 2 minutes in a microfuge, the unbound DNA (supernatant) removed and discarded, and the pellets washed once with reaction buffer plus 250 g ml -BSA. The resin pellet was resuspended in 100 ml of a freshly made solution of reaction buffer with 10 mM Mg(OAc) 2 , 1 mM ATP, 220 nM T4 D219A polymerase, 220 nM 45 protein, 220 nM 44/62 protein and 250 p.g mnil- 1 BSA, and incubated for 1 minute at room temperature. Protein-DNA complexes were isolated by centrifugation for 1 minute (the supernatant is the unbound fraction). The resin was quickly washed three times with 100 LI volumes of reaction buffer plus mM ATP and 250 gml -1 BSA. After the final wash, the resin pellet (bound fraction) was resuspended in 125 RI SDS-PAGE load buffer.
5X SDS-PAGE load buffer was added to the unbound fraction and washes and all samples (supernatant, washes and pellet) were boiled and subjected to 12 % SDS polyacrylamide gel electrophoresis together with a concentration series of the individual T4 DNA replication protein. The gels were transferred to nitrocellulose using a Genie Electrophoretic Blotter (Idea Scientific) at 24 V (1 amp) for 1.5 hours. and probed for the presence of polymerase, 45 protein and 44/62 protein using 1/200 dilutions of the respective antisera. Following incubation with the primary antiserum, each blot was incubated with goat anti-rabbit IgG coupled to horseradish peroxidase followed by chemiluminescent detection using the Amersham ECL kit. Each blot was exposed to preflashed X-ray film (Fuji), and the resulting autoradiographs quantitated using an LKB Bromma Ultroscan XL Enhanced Laser Densitometer. Protein bands were quantified by extrapolation to their respective standard curves and are expressed as concentrations of the original binding solution.
